outcomes in PD, such as impaired navigation and driving ability (Amick, Grace, & Ott, 2007; Davidsdottir, Wagenaar, Young, & Cronin-Golomb, 2008) , more so than motor symptoms (Uc et al., 2007) . Abnormalities have been found on a variety of visuospatial tasks; in particular, several studies have shown that individuals with PD motor symptoms starting on the left body side (LPD) have more severe visuospatial deficits (Bowen, Hoehn, & Yahr, 1972 ; for review, see Cronin-Golomb, 2010; Verreyt, Nys, Santens, & Vingerhoets, 2011 ) and more lateralized spatial biases (toward the side of greater damage, ipsilesional) than those with right-sided motor onset (RPD) (Harris, Atkinson, Lee, Nithi, & Fowler, 2003; Lee, Harris, Atkinson, & Fowler, 2001 ). For example, Harris et al. (2003) found that when those with PD were asked to judge the height or width of a target rectangle compared to a comparison rectangle, LPD tended to perceive rectangles on the left side of space as smaller and those on the right side of space as larger, whereas RPD and control participants did not exhibit this bias.
Several of the visuospatial deficits found in PD are similar to (though milder than) those suffering from hemispatial neglect, a disorder characterized by severe visuospatial deficits, including not attending or not responding to stimuli presented to the side of the body contralateral to the predominant brain lesion, as well as nonspatial deficits such as difficulty sustaining attention (Corbetta & Shulman, 2011) . For example, several PD studies show lateralized spatial biases analogous to neglect on tasks of line bisection (Laudate, Neargarder, & Cronin-Golomb, 2013; Lee et al., 2001) , navigation (Davidsdottir et al., 2008; Young et al., 2010) , and visual exploration (Ebersbach et al., 1996) . On tasks of line bisection, Lee et al. (2001) found that LPD, but not RPD, showed midpoint deviations that were similar to individuals with CONTACT: Joseph DeGutis degutis@wjh.harvard.edu NEUROCASE, 2015 NEUROCASE, http://dx.doi.org/10.1080 NEUROCASE, /13554794.2015 This work was authored as part of the Contributor's official duties as an Employee of the United States Government and is therefore a work of the United States Government. In accordance with 17 U.S.C. 105, no copyright protection is available for such works under U.S. Law.
hemispatial neglect, and Laudate et al. (2013) reported that LPD tended to explore the right side more than the left side of the line. Ebersbach et al. (1996) demonstrated that when given a visual exploration task, LPD showed a bias to start exploring on the right side of the array, which is similar to findings in hemispatial neglect patients (Manly et al., 2009) , whereas control participants and RPD had a bias to start exploring on the left side of the array. It has also been shown that some RPD experience a leftward spatial bias, which could be seen as similar to the minority of patients with neglect for right side of space (Beis et al., 2004; Davidsdottir et al., 2008 ). An important point was made recently by Norton, Jaywant, Gallart-Palau, and CroninGolomb (2015) that spatial biases may characterize individuals with either side of disease onset and that they are due to attentional biases rather than lower-level perceptual dysfunction such as perceived compression of, or weakened signal strength in, one visual hemi-field or by abnormal eye movements. In regard to the neural mechanisms underlying visuospatial deficits in PD, studies have implicated the dorsal attention network (DAN), involved in goal-directed attention, and the ventral attention network (VAN), involved in sustaining attention and processing unexpected, behaviorally relevant stimuli (Shine et al., 2014; Vossel, Geng, & Fink, 2014) . In particular, Shine et al. (2014) found that PD with poor visuospatial performance (discriminating complex monostable stimuli from bistable stimuli) had less gray matter volume in the right anterior insula, a key node in the VAN. Further, they showed reduced connectivity between VAN and DAN at rest and reduced DAN connectivity during task performance. Disruptions to these networks in PD could have direct causes (neurodegenerative processes in these regions) or indirect causes (e.g., neurodegenerative processes in the striatum, which may reduce communication with VAN regions, as shown in Putcha, Ross, Cronin-Golomb, Janes, & Stern, 2015) . Though the specific cause of these network disruptions remains unclear, it is noteworthy that disruptions of similar areas occur in those suffering from hemispatial neglect. Typical lesions causing more chronic and severe hemispatial neglect implicate the right-sided VAN and typically spare the bilateral DAN regions (Karnath, Fruhmann Berger, Kuker, & Rorden, 2004) . Damaging the VAN in hemispatial neglect disrupts network connections between the VAN and DAN and functionally suppresses activity in the DAN, most notably in the intraparietal sulcus (IPS) (He et al., 2007) . This functional suppression can lead to an imbalance between left and right IPS regions, and the persistence of this imbalance has been related to persistence of spatial biases in neglect (Corbetta & Shulman, 2011) . The implication of the VAN and DAN in hemispatial neglect, as well as in visuospatial deficts in PD, suggests that these phenomena have at least partially overlapping neural mechanisms.
Over the last 7 years, our group has demonstrated that several hours (e.g., 6 hrs) of computer-based sustained attention training (Tonic And Phasic Attention Training, TAPAT) can significantly reduce spatial biases in those with chronic hemispatial neglect following right hemisphere damage (DeGutis & Van Vleet, 2010; Van Vleet & DeGutis, 2013 Langner & Eickhoff, 2013) . Accordingly, we suggest that there are two potential models for the therapeutic effects of sustained attention training: (1) training particularly enhances mechanisms in the right hemisphere (e.g., perilesional VAN activity/connectivity), or (2) training works by enhancing more bilateral mechanisms (e.g., activity/connectivity in the intact bilateral DAN). In patients with right hemisphere damage, improved functioning of the right-lateralized VAN could potentially re-establish VAN/ DAN connections and enhance right-sided DAN activity/connectivity (e.g., IPS) more than the left, allowing a greater balance of activity between the right and left DAN regions (e.g., IPS regions), which has been associated with reduced spatial bias (Corbetta, Kincade, Lewis, Snyder, & Sapir, 2005) . This model predicts that TAPAT would help participants with right-sided damage, but would be less effective or even potentially exacerbate spatial biases for those with left hemisphere damage. An alternative explanation of the effectiveness of TAPAT is that sustained attention training rebalances goal-directed spatial attention in general, possibly by generally stimulating and enhancing connectivity between DAN regions. This predicts that TAPAT would reduce spatial biases for participants with both right-and left-sided damage. Testing the effectiveness of TAPAT in participants with spatial biases resulting from either greater left or right hemisphere compromise could provide a unique opportunity to test the mechanisms of this training program.
In the current study, we sought to test whether the sustained attention training program that we have used with success in hemispatial neglect would reduce spatial biases in PD, in light of the similarity in direction of spatial bias in LPD (rightward) to left hemispatial neglect, and RPD (relatively slightly leftward) to right hemispatial neglect. The second goal was to determine whether training would improve spatial biases in LPD more than in RPD. This would help determine if the therapeutic effect of TAPAT is more from stimulating right hemisphere regions or from stimulating bilateral regions.
Methods

Design
We employed a pre/post longitudinal design in which participants were assessed on a conjunction search task before and after 1 month of at-home sustained attention/inhibitory control training (see below). Search performance on the "intact" side of space (ipsilesional) was considered as the control condition (e.g., accounting for test-retest effects), whereas the condition of interest was search performance on the impaired side of space (contralesional). Other tasks were included in the pre/post battery (landmark task, attentional blink, and sustained attention task), though unfortunately there were technical problems with these tasks in some of the participants so we do not report these results.
Participants
The study included four participants with idiopathic PD (three women; ages 58-65 years, M 62.3, SD 3.1; all right-handed). Two participants had initial motor symptoms on the right side (RPD) and two had initial motor symptoms on the left (LPD). Participants were recruited from the Parkinson's Disease Clinic at the Boston Medical Center, the Michael J. Fox Foundation Trial Finder, and through local PD support groups. Data were obtained in compliance with regulations of the Institutional Review Board of Boston University, in accordance with the Declaration of Helsinki. All participants provided informed consent.
Potential participants were interviewed about their medical history to rule out confounding diagnoses such as stroke, head injury, and serious medical illness (e.g., diabetes). No participant had undergone surgery affecting the thalamus, basal ganglia, or other brain regions. None of the participants were found, on exam or by history, to have any ocular illnesses or abnormalities that would have influenced performance on the visually presented measures of interest. Near binocular acuity was assessed at 16" for each participant, with none worse than 20/40 Snellen. Participant characteristics are provided in Table 1 .
All participants were non-demented, as indexed by their scores on the modified Mini-Mental State Examination (MMSE, score converted to standard MMSE, cut-off score = 27) (Stern, Mayeux, Sano, Hauser, & Bush, 1987) . Depressive and anxiety symptoms were measured by the Beck Depression Inventory2nd Edition (BDI-II) (Beck, Steer, Ball, & Ranieri, 1996) and the Beck Anxiety Inventory (BAI) (Beck, Epstein, Brown, & Steer, 1988) , with all participants scoring within the minimal range on both assessments. Participants were staged according to the Hoehn & Yahr scale of motor disability (Hoehn & Yahr, 1967) , with three having a disability stage of 2 and one a stage of 3 (PD002). Disease severity was determined with the use of the Unified Parkinson's Disease Rating Scale (UPDRS, Sections 1-3) (Fahn, Elton, & UPDRS Development Committee, 1987; Levy et al., 2005) . PD001 had a total UPDRS score of 47, PD002 had a total score of 64, PD003 had a total score of 27, and PD004 had a total score of 25. All PD participants were taking medication for their Parkinsonian symptoms and were in their "on" period at the time of testing (Levodopa equivalent dosage). Participants did not report making any medication changes during training.
Assessments and training
Conjunction search
The conjunction search requires observers to search for a target object (e.g., red square) among a display of 13 or 14 distractors that are either the same color or the same shape as the target object (e.g., red triangles and blue squares, see List et al., 2008 for a more complete description). The participants were instructed to look at the fixation cross in the center of the screen at the beginning of each trial, and then to verbally indicate whether the target was present or not by verbalizing "yes" or "no". The examiner entered the responses.
To determine the psychophysical threshold for each side of the display, we used a yes-no adaptive staircase procedure described by Kaernbach (1990) . The initial display duration was set at 2000 ms, and we manipulated the display duration to reach an adjusted accuracy rate of 75% (further details of this procedure are provided in List et al., 2008) . Staircases terminated after 10 reversals (when the answer from one trial to the next went from correct to incorrect or vice versa). A threshold presentation time (TPT) was calculated by averaging the stimulus durations over the final eight reversal points. This adaptive procedure has been successful in detecting lateralized biases in patient populations, such as those with hemispatial neglect (List et al., 2008 ). Additionally, this task has shown minimal practice effects (DeGutis & Van Vleet, 2010; List et al., 2008; Van Vleet & DeGutis, 2013) , making it a good measure to study potential training-related improvements.
Tonic And Phasic Attention Training
Our group has developed a cognitive training program targeting sustained attention over the last 7 years, TAPAT (DeGutis & Van Vleet, 2010; Van Vleet, Chen, Vernon, Novakovic-Agopian, & D'Esposito, 2014; Van Vleet & DeGutis, 2013) . The idea is that by having participants practice sustained engagement with the training task (tonic, sustained attention) and exercising response inhibition during rare no-go trials (phasic, transient acts of inhibitory control), TAPAT would foster a focused, engaged state of attention and help participants exercise inhibitory control. To promote this more engaged state, TAPAT employs a continuous performance task and includes several key elements: (1) a rare target format that requires frequent responding, as well as inhibitory control (withhold response on 10% of trials); (2) jittered inter-stimulus intervals (ISIs), which have been shown to promote attentional engagement and response control in individuals with attention deficit hyperactivity disorder (Ryan, Martin, Denckla, Mostofsky, & Mahone, 2010) ; and (3) rich, novel stimuli, which have also been shown to engage attention (Johnston, Hawley, Plewe, Elliott, & DeWitt, 1990) . In addition, we utilized methods to individualize and adapt the training program as participants improve. In particular, participants started at ISIs of 1000/1500/2000 and as they improved above 90% accuracy for the session, for the next session they received less jittered (i.e., more consistent and challenging) ISIs (e.g., 1100/1500/1900, then 1200/1500/ 1800). Additionally, if participants fell below 80%, the ISIs became more jittered (e.g., 1100/1500/1900, then 1000/ 1500/2000). This has resulted in a simple, yet challenging and effective sustained attention/inhibitory control training paradigm. Participants performed 30 min/day of training (3 × 10 min rounds). 
Results
Training performance
Participants performed TAPAT training for an average of 14.5 sessions, or 7.3 hrs (PD001: 4 hrs, PD002: 10 hrs, PD003: 7.5 hrs, PD004: 7.5 hrs). On the first day of training, all participants could successfully perform the training task, achieving a mean accuracy of 87% (SD = .10) (PD001 = .91, PD002 = .94, PD003 = .90, PD004 = .72). With practice, all participants improved their training task performance and accordingly, ISIs were reduced to make training more challenging (better performance = lower ISIs). As can be seen in Figure 1 , all participants had significantly shorter ISIs (i.e., more difficult, less jittered) during the second half of training compared to the first half of training (PD001: 1st half = 350 ms, 2nd half = 25 ms, t(3) = 6.789, p = 0.006; PD002: 1st half = 173 ms, 2nd half = 17 ms, t(9) = 3.168, p = 0.011; PD003: 1st half = 258 ms, 2nd half = 29 ms, t(6) = 5.065, p = 0.002; PD004: 1st half = 450 ms, 2nd half = 357 ms, t(6) = 5.164, p = 0.002). These results indicate that all participants could successfully perform the training and improved with practice.
Conjunction search performance
We first examined participants' spatial search bias on the conjunction search prior to training. As can be seen in Figure 2 , participants required longer presentation times to detect the search target on their contralesional side compared to their ipsilesional side (spatial bias difference scores for PD001: 282 ms, PD002: 346 ms, PD003: 320 ms, and PD004: 246 ms). The leftward search biases for RPD and rightward search biases for LPD were very similar (M = 301 ms, M = 296 ms, respectively). To test whether these search differences were significant, for each participant the last eight reversals for each condition (left vs. right target; 16 reversals) were randomly resampled into pairs of eight, 10,000 times (there are 12,870 possible combinations of this), and a noise distribution of differences between left and right was created. Based on this empirical noise distribution, the probability of the observed differences (or greater) was considered as the actual p-value. As can be seen in Table 2 , all four PD participants showed a significant difference in spatial bias prior to training (p-values of 0.004, 0.0002, 0.0049, 0.0048, respectively). The size of these search biases was approximately half of that reported in hemispatial neglect patients performing the identical task (M difference = 298.5 ms in the current study vs. hemispatial neglect patients M difference = 589 ms from List et al., 2008) .
After training, the four PD participants were tested again on the same conjunction search task to determine if their spatial bias was reduced. They were tested an average of 5.5 days after completing training (PD001: 11 days; PD002: 2 days; PD003: 4 days; PD004: 5 days). Note that in three previous hemispatial neglect studies, this task showed no significant test-retest effects, with hemispatial neglect patients maintaining their significant left vs. All four PD participants reduced their spatial bias after training to the point where none showed a significant difference between the left and right sides of space when using the same randomization procedure as above (spatial bias difference scores for PD001: 94 ms, p = 0.21; PD002: 10 ms, p = 0.46; PD003: 28 ms, p = 0.28; and PD004: 136 ms, p = 0.05). Participants achieved this more balanced pattern of visual search by particularly improving search performance on their contralesional side. In particular, LPD showed a significant improvement in performing leftward searches (p-values of 0.0036 and 0.0005) and similarly, RPD showed a significant improvement in performing rightward searches (p-values of <0.0001 and 0.0107). In terms of the ipsilesional search (participants' intact side before training), only one (PD003, LPD) significantly improved, and this improvement was numerically smaller than improvements on the contralesional side (ipsilesional difference pre/post = 488, contralesional difference pre/ post = 196). Together, these results demonstrate that sustained attention training improved contralesional visual search in both LPD and RPD to the point where there was no significant spatial bias in visual search performance.
Discussion
The aim of this case series was to determine if a sustained attention training program could attenuate spatial biases in PD, and whether training would have differential effects depending on the side of motor symptom onset. Before training, both LPD and RPD required significantly more time to detect the search target when it was presented on their contralesional side compared to their ipsilesional side. After 1 month of TAPAT training (M = 7.3 hrs), all participants significantly improved at searching the contralesional side, to the point where no participant demonstrated a significant search bias. We did not find any numeric improvement differences between LPD and RPD, suggesting that training enhanced attention mechanisms in a bilateral manner (e.g., engaged bilateral DAN regions). These results provide proof of concept that lateralized spatial biases in PD can be reduced through cognitive training that targets sustained attention.
These results have important implications for improving non-motor deficits in PD. Improving visuospatial attention is particularly important, because it is critical to improving daily functioning, such as driving and navigation. This study suggests that these visuospatial deficits may not be permanent, but instead are at least partially remediable with short-term cognitive training. These findings are consistent with those of other recent cognitive training studies in PD, which have shown that training can improve processing speed, attention, and visuospatial abilities (Edwards et al., 2013; París et al., 2011; Sammer, Reuter, Hullmann, Kaps, & Vaitl, 2006) . For example, Edwards et al. (2013) found that compared to a test-retest PD control group, PD participants who completed 20 hrs of speed of processing training improved on a visuospatial assessment related to driving ability (Useful Field of View Test). París et al. (2011) had participants with PD perform a 4-week program targeting selective attention, working memory, processing speed, psychomotor speed, executive functioning, and visuospatial processing. Compared with the PD control group that performed speech therapy, the experimental group improved on standard tests of attention, processing speed, memory, visuospatial processing, and executive function. The current study extends these findings by showing that it is possible to improve spatial biases and that training is effective for both RPD and LPD. Accordingly, the current training program could be an important component of treatments for non-motor symptoms of PD.
In addition to these treatment implications, the current results provide important insights into the mechanisms of sustained attention training. First, the results demonstrate that the therapeutic effect of sustained attention training on spatial attention is not specific to hemispatial neglect, but also occurs in those with PD with lateralized spatial biases. Importantly, the current results extend the previous hemispatial neglect findings by showing that participants with either a leftward or rightward spatial bias benefit from TAPAT. Our previous explanation of TAPAT's therapeutic effect (DeGutis & Van Vleet, 2010) was that TAPAT enhances general intrinsic alertness, which is thought to be a right hemisphere lateralized process (e.g., right VAN, Clemens Notes: For each participant, the last eight reversals for each condition (e.g., left vs. right target) were randomly resampled into pairs of eight, 10,000 times, and a noise distribution of differences (e.g., between left and right) was created. Based on this empirical noise distribution, the probability of the observed differences (or greater) was considered as the actual p-value.
et al., 2011). We suggested that increased intrinsic alertness leads to more of a leftward shift in spatial attention, similar to what is found in healthy controls (see Manly, Dobler, Dodds, & George, 2005) . However, the current results suggest that, rather than a unidirectional effect, TAPAT has a "rebalancing" effect and moves spatial biases to the right or left, depending on the participant's most deficient side. This suggests that TAPAT's therapeutic effects may not simply be due to enhancing general right hemisphere alertness mechanisms, but rather due to enhancing attention functioning in a more bilateral manner. Though there are several possibilities for the neural mechanisms of these therapeutic effects, one potential explanation is that training engages and rebalances bilateral DAN regions. Sustained attention tasks have shown to reliably recruit bilateral DAN regions (Esterman et al., 2013; Langner & Eickhoff, 2013) and DAN recruitment during sustained attention has been associated with fewer attentional lapses (Christoff, Gordon, Smallwood, Smith, & Schooler, 2009 ). Practicing to improve at sustaining attention may foster bilateral recruitment of DAN regions and increase functional connectivity between nodes in this network. These trainingrelated improvements in DAN connectivity may be a general phenomenon, being present when participants perform other tasks such as visual search. This potentially increased DAN connectivity during spatial search is particularly relevant to spatial biases, because increased connectivity between left and right IPS (key DAN nodes) has been associated with reduced spatial bias in neglect (He et al., 2007) . An alternative mechanism is that training engages right-hemisphere VAN regions, which could indirectly increase DAN (and IPS) connectivity. Future task-and resting-state fMRI studies would be useful to uncover the neural mechanisms of these trainingrelated improvements.
Despite these promising results, there are several limitations to this study. The sample size is small and may not be representative of the PD population in general. Additionally, the current study did not characterize the longevity of the training effects. That said, PD001 was tested 11 days after she stopped training, suggesting that the effects last a minimum of 11 days. Another limitation is that the pre-/post-assessment consisted of only one task, and including a broader battery of tasks could help better understand the effects of sustained attention training on cognitive performance and daily life. A final limitation is that we did not include a control group (e.g., test/retest control group), leaving open the possibility that practice effects influenced the results. Though a possibility, the fact that previous studies using the identical task showed minimal practice effects (DeGutis & Van Vleet, 2010; List et al., 2008; Van Vleet & DeGutis, 2013) suggests that practice effects did not produce the current spatial bias improvements. Furthermore, participants improved at searching their impaired side (i.e., condition of interest) relative to their good side (i.e., control condition), providing additional evidence that the improvements were not due to practice effects.
In summary, we present a pilot case series where we find that sustained attention training can reduce visuospatial deficits in PD, independent of side of motor onset. This not only has important treatment implications, but also provides important insights into understanding the relationship between sustained (nonspatial) attention and spatial attention mechanisms.
